A B S T R A C T To investigate the interaction of lipoproteins with semipermeable membranes, solutions of low density lipoproteins (LDL), very low density lipoproteins (VLDL), mixtures of the two, and diluted, normal, and hyperlipidemic serum were ultrafiltered through a synthetic membrane (500 A nominal pore diameter) using a stirred laboratory ultrafiltration cell. The pressure dependence of ultrafiltrate flux showed that a concentrated layer of lipoproteins was built up at the membrane surface (concentration polarization) and that VLDL was more subject to polarization than LDL. This phenomenon controlled the observed lipoprotein transport behavior. Whereas true membrane rejection (the fraction of the solute on the membrane surface which does not pass through the membrane) was greater than 0.95 for both LDL and VLDL, observed solute rejection varied from nearly 0 to 1.0, depending upon experimental conditions.
INTRODUCTION
In the human body, water passes continuously from the bloodstream across the walls of the blood vessels to the regional lymphatics as a result of a hydrostatic pressure difference, carrying with it some of the plasma solutes (1) . The filtration theory of atherogenesis (2-9) hypothesizes that the earliest manifestations of atherosclerosis are intimately associated with this process; and, specifically, that the plasma lipoproteins, particularly the low density lipoproteins (LDL),' are transported in this way into the arterial wall where some are trapped and deposit their lipid, eventually leading to the formation of atheroma.
Although the concept that lipids present in atherosclerotic lesions originate primarily from the blood plasma is quite old (10, 11) , heretofore the filtration theory has been subjected to limited quantitative investigation. Courtice and Garlick (12) studied the transfer of plasma lipoproteins across the capillary walls to the IAbbreviations used in this paper: LDL, low density lipoproteins; VLDL, very low density lipoproteins; A, membrane area available for transport (cm'); b, membrane radius for a circular model membrane (cm), Cb, solute concentration in the bulk solution (retentate) (mg/cm3); cf, solute concentration in the ultrafiltrate (mg/cm3); c,, maximum attainable solute concentration at the wall (membrane surface) (mg/cm3); cw, solute concentration at the wall (membrane surface) (mg/cm'); exp(x), et; D, solute molecular diffusion lymph in the leg of hypercholesterolemic rabbits. The ultrafiltration of human serum through various tissues and the deposition of lipid therein has been investigated in vitro with excised human arteries and veins (13) (14) (15) , human aortas (3), and aortas from various animals (16, 17) . In vivo accumulation of labeled cholesterol in various layers of the aortic wall has been studied in the rat (4) and dog (18) (19) (20) . The large amount of research dealing with lipid influx, deposition, and exchange in the arterial walls of laboratory animals has recently been reviewed (21) , and various mechanisms to account for lipid accumulation and atheroma development have been proposed (4, 15, (21) (22) (23) (24) .
Most of this work has focused on the influx or accumulation of specific lipids, such as cholesterol or phospholipid. Relatively little is known about the rates of influx and efflux of specific plasma lipoproteins in the arterial wall and the physiochemical phenomena on which their passage depends. As a preliminary approach to the investigation of these phenomena, we have studied the transport of LDL and very low density lipoproteins (VLDL) across a synthetic model membrane in a laboratory ultrafiltration system from solutions of single lipoproteins, mixtures, and serum. Ultrafiltration rates and lipoprotein transport were measured as a function of applied hydrostatic pressure and lipoprotein concentration.
METHODS
Experimental. The filtration studies were performed with lipoproteins from normal blood donors, using acid citrate dextrose (ACD) blood plasma supplied by the Massachusetts Red Cross through the kindness of Dr. Allen Kliman. The blood was drawn with the patients fasting; samples with detectable chylomicrons were not used. Serum was obtained when needed from blood drawn from volunteers who had fasted overnight; it was used within 24 hr.
VLDL and LDL were isolated by dialysis of the ACD plasma against solutions of d 1.006 and 1.063, respectively, followed by ultracentrifugation by techniques described elsewhere (25) . The LDL was washed once by repeat ultracentrifugation. The VLDL was not washed in order to avoid aggregation.
The over-all experimental procedure is illustrated in Fig.  1 . Solutions to be ultrafiltered were made up from the purified lipoprotein fractions or fresh whole serum and were diluted as desired with isotonic saline solution which was made 0.001 M in disodium ethylenediaminetetraacetate (EDTA) and adjusted to pH 8.0 with aqueous NH4OH. After ultrafiltration through a synthetic nitrocellulose membrane (Sartorius, S-11310, 500 A nominal pore diameter), the LDL and VLDL in the ultrafiltrate and in the retentate were separated by a combination of ultracentrifugation and dextran-sulfate precipitation and quantitated in terms of their cholesterol content (25) .
The membrane was contained at the bottom of a stirred, laboratory ultrafiltration cell (Amicon Corp., Lexington, Mass., model 52). The cell was filled to the top with the solution to be ultrafiltered, and fluid volume in the cell was IQUANTITATIVE LIPOPROTEIN ANALYSIS held constant by the addition of EDTA-saline solution from a reservoir maintained at the desired pressure by compressed nitrogen. This procedure prevented entrainment of air bubbles by the impeller. Applied pressure was measured with a pressure gauge and was varied from about 0.1-30 lb./inch2 (about 5-1500 mm Hg). This circumscribes the physiological and pathological range of interest, roughly 1-6 lb./inch'. For pressures less than 3 lb./inch', the reservoir tank was replaced by an elevated chamber filled with buffer. All experiments were carried out at 25±11C. Ultrafiltration flow rate was measured by timed collection into a graduated cylinder. About 12 ml were collected for each sample; the first 2 ml were discarded. The duration of each run depended upon the ultrafiltration rate and lasted from several minutes to -several hours. During the course of a run, retentate concentration dropped slowly because of dilution. The variation was usually less than 10%, and the average value is reported here. The ultrafiltration cell was agitated by a suspended magnetic stirrer bar run at 1200 rpm as measured by a stroboscopic light source.
Measurement of LDL and VLDL triglyceride and protein content was carried out for selected runs. In all cases, the relative amounts of each component (cholesterol, triglyceride, and protein) in each lipoprotein class were the same in the ultrafiltrate and retentate. Furthermore, the LDL and VLDL in the ultrafiltrate were identical on double immunodiffusion (25) 
At fixed operating conditions, ultrafiltration flux and rejection showed no change with time or when fresh solutions were introduced. When exposure to pressures above 5 lb./inch' was followed by a decrease in pressure, ultrafiltrate flux decreased and rejection increased slightly from their previous values. Consequently, all experiments were run in the order of increasing pressure to eliminate this modest hysteresis effect. A new membrane was used for each run, and all lipoprotein solutions (stored at 4VC) were used within 3 days of preparation. Ultrafiltrate flux of pure buffer was measured for each new membrane, and those showing marked deviations from normal were discarded.
The transport rates of solutes and solvent during the ultrafiltration of solutions of macromolecules are often limited by mass transfer in the fluid phase adjacent to the membrane (26) (27) (28) (29) (30) . If a membrane exhibits complete or partial rejection of a solute, i.e., failure to allow its free passage, solute will accumulate near the membrane surface. At steady state, the rate at which solute is brought to the membrane by fluid flow normal to it is balanced by solute transport through the membrane and by diffusion back into solution. The phenomenon of solute build-up at the membrane surface is generally referred to as concentration polarization. Combination of a mass balance over a differential volume element near the membrane, neglecting transport parallel to the membrane, with the simple film theory model of mass transfer
For a nonzero convective velocity normal to the membrane, cw is always greater than Cb. Hence, one must distinguish between the experimentally observed rejection, R, and the true rejection intrinsic to the membrane. The increased solute concentration at the membrane surface causes R to be lower than r. The intrinsic membrane rejection itself is not a constant but increases with increasing ultrafiltration velocity (32) .
Combination of equations 2, 4, and 5, yields a number of useful relationships (31):
The observed rejection is dependent upon the true rejection and the dimensionless ratio Jf/k. The latter quantity is a measure of the relative importance of mass transferred by convection to the membrane surface as compared with mass transferred by diffusion away from the membrane surface.
As Jf/k becomes large, exp (Js/k) approaches infinity, then Cw/Cb approaches 1/(1 -r), and R approaches zero. As Jf/k tends to zero, exp (Jf/k) approaches one, then Cwr/Cb approaches one, and R approaches r.
Equation 7 is illustrated in Fig. 2 6 is replaced by c, (a constant), Jf is a function of k, r, c,, and Cb, but no longer of applied pressure. The polarized layer thus behaves like a second, dynamically formed membrane with a hydrodynamic resistance to flow. It responds to an increase in pressure by thickening and/or changing its flow resistance characteristics.
To account for concentration polarization in data analysis, the mass transfer coefficient must be estimated. In this study the Reynolds number' based on membrane radius (wb3/v) is sufficiently high (about 56,000 for water at 250C) that the fluid boundary layer on the membrane is turbulent. In this case the radial variation in mass transfer coefficient is small (33) , and the average value may be estimated with little error from the correlation of Smith, Colton, Merrill, and Evans (34) . For the geometrical configuration of the 'A dimensionless number which characterizes the conditions of fluid flow. present, the flux was always lower. As pressure increased, the pressure dependence for LDL solutions showed some deviation from linearity but did not reach a pressure-independent value. By contrast, the flux for solutions of VLDL showed considerable curvature and from 0.93 to 0.96 at low pressure, but then decreased to nearly zero as pressure and flux increased. By contrast, VLDL was nearly completely rejected at all pressures, except in dilute solution. For the two intermediate concentrations, R was about 0.93 at low pressures and increased to about 0.97 at high pressures. At the lowest concentration investigated (16 mg/100 ml cholesterol), R was much lower. A perceptible concentration effect was also observed in the other three experiments.
Mixtures. Ultrafiltrate flux measurements with mixtures of LDL asd VLDL are compared with singlesolute data in Fig. 6 . The flux in mixtures reached an asymptotic value, 5-6 X 10-2 cm'/min cm2, which was similar to the results for the more dilute solutions of pure VLDL.
The single-solute rejection data suggest that a clean separation should be possible between LDL and VLDL from mixtures of the two. However, the results for dilute mixtures (Fig. 7) showed very different behavior. At low pressures, observed VLDL rejection was low. As pressure increased, rejection rose and approached unity above about 1 lb./inch2, similar to the behavior of VLDL alone (Fig. 5) at the lowest concentration. More surprising, at first, was the LDL behavior in mixtures. Whereas rejection for LDL alone decreased to nearly zero with increasing pressure, in the presence of VLDL it followed qualitatively the same pattern as VLDL rejection and increased to greater than 0.9 at high pressure.
Diluted, normal, and hyperlipidemic serum. Ultrafiltrate flux is shown in Fig. 8 (Fig. 7) . At low pressures, LDL rejection was very low, less than in single-solute and LDL-VLDL mixture experiments. As pressure rose, LDL rejection increased to values approaching VLDL rejection.
Observed rejection measurements of LDL and VLDL are shown in Fig. 10 compared with type IV serum, because VLDL concentration in type II was much lower than in type IV.
DISCUSSION
The rate of lipoprotein transport across the synthetic membrane in these studies seems clearly to have been influenced not only by the properties of the membrane but also by the concentrated lipoprotein layer in the fluid boundary layer adjacent to the membrane. Even though this boundary layer was made turbulent by vigorous stirring, all evidence is consistent with the occurrence of considerable concentration polarization because of the very large size, and, hence, low molecular diffusivity of the lipoproteins. This phenomenon dominated the over-all transport process and obscured the intrinsic membrane properties.
The relative behavior of VLDL and LDL alone and in mixtures illustrates this effect. In solutions of pure VLDL (Fig. 4 ) ultrafiltrate flux reached a constant, pressure-independent value, implying that the lipoprotein had reached a maximum possible concentration (cg) at the membrane surface. Conversely, the continuous increase in flux with increasing pressure in solutions of pure LDL suggests that the membrane surface concentration of LDL was always less than cg in the concentrations studied.
In mixtures of LDL and VLDL (Fig. 6) , the ultrafiltrate flux behavior was comparable with solutions of pure VLDL of similar concentration. This indicates that the maximum flux was determined largely by the solute which first reached cg at the membrane surface. That solute would be the largest molecule present in significant concentration. This finding was substantiated by the results obtained with serum (Fig. 8) . However, the drop in flux observed between normal and type II serum was greater than would be expected on the basis of VLDL concentration alone and suggests that LDL played a significant role in flux reduction in type II serum because of its high concentration.
Intrinsic membrane rejection, r, may be evaluated, using equation 8 or Fig. 3 , from the observed rejection in solutions of single solutes (Fig. 5) . The value of r was greater than 0.95 for LDL over the entire pressure range studied. Similarly, the true membrane rejection for VLDL at the higher pressure studied was greater than 0.99 and probably greater than 0.999.
The apparent concentration dependence of VLDL rejection shown in Figs. 5 and 9 may be explained by rewriting equation 2:
If r is independent of concentration and cw = cg, these two quantities may be lumped into a constant, B, giving:
As the bulk solute concentration is varied, R will vary even though r is concentration independent. Since r is so close to unity, the effect is significant only when cb is low.
The most pronounced effect in mixtures (Fig. 7 ) and in serum ( Fig. 9 and 10 ) was the increase in observed LDL rejection (above that found in solutions of pure LDL) as pressure increased. The reduced ultrafiltrate flux in these solutions, which leads to a reduced polarization ratio (Fig. 2) , also results in an increase in observed rejection (Fig. 3) . However, this effect cannot account quantitatively for the magnitude of the increase in R. A likely explanation is that the concentrated layer of VLDL partially excludes the less polarized LDL from the region near the membrane surface. In effect, the VLDL layer acts as a second, partially rejecting membrane. This exclusion may function through a size-dependent partitioning mechanism, as in gel permeation chromatography, as well as through electrostatic repulsion since both lipoprotein classes have net negative charge. In addition, a small amount of compaction of the VLDL layer on the membrane surface with increasing pressure might increase its rejection properties. Similar phenomena have been observed with other colloidal systems (30, (41) (42) (43) .
While concentration polarization always reduces ultrafiltrate flux, its consequences may either accelerate or reduce the transport of specific solutes. The build-up of a particular solute at the membrane surface increases its concentration at that surface and therefore increases its flux through the membrane relative to that predicted from its bulk concentration. However, with multiple solutes present, the component of largest molecular size may produce a second, dynamically formed membrane (in series with the primary membrane) which retards passage of the smaller solutes. The resultant of these competing influences leads to a wide variation in measured membrane properties. In our studies, LDL transport was accelerated by increased polarization and by an increase in LDL concentration, but it was reduced by a large increase in VLDL concentration. Also, VLDL transport appeared to be increased by an elevated LDL concentration. Our understanding of the mechanisms operating to produce these effects is incomplete. Nevertheless, it is clear that ultra. filtration of lipoproteins is influenced by many variables in addition to membrane properties, including ultra. filtrate flux, solute mass transfer coefficient, pressure, and the absolute and relative magnitude of LDL and VLDL concentration.
These results may have implications for the filtration theory of atherogenesis, in particular to those factors which influence the rate of lipoprotein transport from the bloodstream into the arterial wall. Theoretically, the same dimensionless parameters, Jf/k and r, which control polarization in the stirred cell also determine the degree of polarization which might occur in the arterial system, although the hydrodynamics of the two systems are markedly different. Assessment of these parameters is difficult from the sparse in vivo data which is available. Order-of-magnitude estimates, which assume rejection to be unity, have suggested that polarization of the larger lipoproteins may occur in vivo (44, 45) .
There is reasonable evidence, however, that rejection is not unity and that these lipoproteins are transported into the arterial wall. Plasma LDL and VLDL have been shown to be present in normal and atherosclerotic arteries (46) (47) (48) . The occurrence of concentration polarization within the artery would alter the rate of transport of these molecules into the wall, regardless of their subsequent fate.
Some insight into this possibility may be gained from the literature. Wilens and McCluskey studied the ultrafiltration of serum through the walls of excised arteries (13) (14) (15) . During the course of their experiments, the lipid concentration inside the arteries increased markedly. This was associated with a slow decrease in ultrafiltrate flux, as would be expected if concentration polarization occurred. When the concentrated serum within the vessel was replaced by fresh serum, the flux increased to about its original level. Hence, irreversible internal plugging of the arteries was not a cause of flux reduction. They also found that ultrafiltrate concentration remained approximately constant. In other words, lipoprotein rejection increased with increasing bulk concentration, a finding similar to our observations with the model membrane. Courtice and Garlick (12) measured the lymph-plasma concentration ratio of phospholipid and cholesterol in the leg of hypercholesterolemic rabbits before and after intravenuous infusion of an artificial fat emulsion (Lipomul, The Upjohn Co., Kalamazoo, Mich.). The observed rejection increased from about 0.5-0.7 for phospholipid and from about 0.55-0.8 for cholesterol. Lipomul has an average diameter of 3000-5000 A (49) . Such large particles should be subject to considerable concentration polarization at the capillary wall. The observed increase in lipid rejection parallels our observation of increased LDL rejection in the presence of VLDL.
The concentration polarization hypothesis is consistent with the focal nature of athersclerotic lesions. One would expect the local mass transfer coefficient to be lowest in regions of low shear or stagnation. At branches or bifurcations, boundary layer separation may occur on one wall, resulting in the formation of a standing vortex. This has been predicted theoretically (50) and has been observed in vitro (51, 52) and in vivo (53) . In this region, shear rates are low and stagnation occurs behind the vortex; here concentration polarization would be greatest. Boundary layer thickening without flow separation would also lead to decreased shear rates. Caro, Fitz-Gerald, and Schroter (54) have shown that the distribution of fatty streaking and early plaques is highest in these regions and that the development of lesions is inhibited in areas where the local shear rate is relatively high. They hypothesized that the occurrence of atheroma was related to a shear-dependent mass transfer process, perhaps the egress from the wall of cholesterol synthesized therein (55) . As an alternative hypothesis consistent with the same observations, we propose that the movement of liproproteins from the bloodstream into the arterial wall may be the main determinant of lipid concentration in the wall and that concentration polarization is the transport-controlling mechanism.
Given the speculative nature of the existence of a polarized lipoprotein layer on the arterial intima under physiological conditions, we recognize the need for caution in extrapolating our in vitro results to in vivo conditions. It is interesting, nevertheless, to consider the effect of concentration polarization on the relationship between lipoprotein concentration in man and the rate of atherogenesis, assuming also the validity of the filtration theory of atherosclerosis. The importance of increased plasma LDL concentration in the etiology of coronary heart disease is well documented (56) . Our results suggest that LDL transport into arterial wall would be favored by increased concentration polarization (for example, resulting from a locally low shear rate or from a high ultrafiltration flux caused by hypertension or by chemical or mechanical injury to the intimal endothelium) in conjunction with a high concentration of LDL relative to VLDL. The latter conditions are found in type II hyperlipoproteinemia (40) . Similarly, decreased LDL permeation is favored by an increase in the concentration of VLDL, endogenous particles, and chylomicrons. Although these large molecules may in themselves be somewhat atherogenic, they would exert an inhibiting or protective action with regard to the smaller and more atherogenic LDL. Given the observed lipoprotein patterns in the various types of hyperlipoproteinemia, the rate of LDL transport into the arterial wall would decrease in the following order: type II > IV > V > I. Type III is not included because its lipoprotein band having LDL electrophoretic mobility appears in the flotation fraction of normal VLDL. If this lipoprotein is assumed to be of similar size to normal LDL, then type III would be ordered between type II and type IV. It is striking, although perhaps coincidental, that this order is qualitatively consistent with the fragmentary data available concerning the occurrence of coronary atherosclerosis (57) .
